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2. Vortex in Cell (VIC)
2.1
$\frac{\partial\omega}{\partial t}+\nabla\cdot(\omega u)=\nabla\cdot(u\omega)+\ddagger"\nabla^{2}\omega$ (1)








(3) (4) $\psi$ Poisson
$\nabla^{2}\psi=-\omega$ (5)




(5) (6) $\psi$ $\phi$ (3)
$u$ (5) $\omega$ (1) VIC
$\omega$




$t=n\triangle t$ $t=(n+1)$ (7)
(8) Lagrange VIC $\psi,$ $\phi$
$\omega$ $\omega$ $X_{9}(=(x_{g}, y_{g}, z_{g}))$
$\omega$
$x_{g}$ $\omega$
$\omega=\sum_{p}^{N_{v}}\omega_{p}W(\frac{x_{g}-x_{p}}{\triangle x})W(\frac{y_{9}-y_{p}}{\triangle y})W(\frac{z_{9}-z_{p}}{\triangle z})$ (9)
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$N_{v}$ $\Delta x,$ $\Delta y$ $\Delta z$ $W$
(1).
$W(\epsilon)=\{\begin{array}{ll}1-2.5\epsilon^{2}+1.5|\epsilon|^{3} |\epsilon|<10.5 (2-|\epsilon|)^{2}(1-|\epsilon|) 1\leq|\epsilon|\leq 20 |\epsilon|>2\end{array}$ (10)
$t=n\triangle t$ $t=(n+1)\Delta t$
1. $\omega_{p}(=(\omega_{px}, \omega_{py}, \omega_{pz}))$ (8)
2. $X_{p}$ (7)























$F$ (11) $\omega_{r}$ Helmholtz
(11) Poisson
$\nabla^{2}F=\nabla\cdot\omega_{r}$ (12)





















$p$ ( $x_{p}^{n}$ ) $t=(n+1)\triangle t$
$\omega_{p}^{n+1}$ (8) Adams-Bashforth $\omega_{p}^{n+1}$
$\omega_{p}^{n+1}=\omega_{p}^{n}+\frac{1}{2}\triangle t(3\frac{d\omega_{p}}{dt}|_{(x_{p}^{n},\omega_{p}^{n})^{-}}\frac{d\omega_{p}}{dt}|_{(x_{p}^{n-1},\omega_{p}^{n-1})})$ (16)
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Fig.2 Convection of vortex element $p$





$x_{p}^{n+1/2}$ $x_{p}^{n}$ $x_{p}^{n+1}$ ( 2 ). $x_{p}^{n}$ Taylor
$u(x_{p}^{n+1/2})$
$u(x_{p}^{n+1/2})=u(x_{p}^{n}+\Delta x_{p}/2)$
$=u(x_{p}^{n})+\nabla u\cdot\triangle x_{p}/2$ (18)
$\triangle x_{p}=x_{p}^{n+1}-x_{p}^{n}$
(18) (17) $X_{p}^{n+1}$







3 $L_{y}$ $2\delta$ , $L_{x}$ $12.8\delta$ , $L_{z}$ $6.4\delta$
$x$ , $y$ , $z$ $u$ ,






Fig.3 Computational domain and coordinate system





$\psi_{x}=0$ , $\psi_{z}=0$ , $\frac{\partial\psi_{y}}{\partial y}=0$ (21)
$\omega_{x}=\frac{\partial w}{\partial y}$ , $\omega_{y}=0$ , $\omega_{z}=-\frac{\partial u}{\partial y}$ (22)
$\omega_{x}$ $\omega_{z}$




Kim (6) DNS $u_{m}^{+}=15.63$ $u_{\tau}$ $\delta$ Reynolds
${\rm Re}_{\tau}(=u_{\tau}\delta/\nu)$ Kim 180
Abe (8) ${\rm Re}_{\tau}=180$ DNS $\mathfrak{h}\backslash$ ,
$DNS^{(8)}$ 3 $\triangle t^{+}(=\triangle tu_{\tau}^{2}/\nu)$ 0.018
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42
$u^{+}(=\overline{u}/u_{\tau})$ 4 Abe (8) DNS
Abe DNS $(12.8\delta\cross 2\delta x6.4\delta)$ $256\cross 128\cross 256$
$\triangle_{y}^{+}(=\triangle yu_{\tau}/\nu)$ $0.2\leq\triangle_{y}^{+}\leq 5.9$
5 DNS(8)
$\omega^{\prime+}(=\omega’\nu/u_{\tau}^{2})$ rms $y^{+}$ 6
Abe (8) $(y)$ $y^{+}$
Abe
Reynolds $u^{+}v^{+}$ 7 DNS(8)
7 $\tau_{tot}^{+}i$ $\tau_{tota1}^{+}$
Fig.4 Mean velocity distribution
Fig.5 Rms of velocity fluctuation
$0$ 100 200
$y^{+}$




8 9 $(y^{+}=5.4)$ $(y^{+}=150)$
$0$ 250 500 750 1000
$x^{+}$
Fig.8 Streamwise two-point correlation
coefficient of velocity fluctuation
(a) Streamwise
$0$ 100 200 300 400 $z^{+}500$
Fig.9 Spanwise two-point correlation
coefficient of velocity fluctuation
(b) Spanwise
Fig.10 One-dimensional energy spectra of velocity fluctuation









$P^{G}$ $P^{GM1}$ (1), $P^{GM2}$ (2), $P^{T}$
$D^{T}$ $D^{M}$ $DS$
$P^{G}=-2 \overline{\omega_{i}^{\prime+}u_{j}^{\prime+}}\frac{\partial\overline{\omega_{i}}^{+}}{\partial x_{j}^{+}}$ , $P^{GM1}= \overline{\omega_{i}^{\prime+}(\frac{\partial u_{j}^{\prime+}}{\partial x_{i}^{+}}+\frac{\partial u_{i}^{\prime+}}{\partial x_{j}^{+}})}\frac{1}{\omega_{j}}$
$P^{GM2}= \overline{\omega_{i}^{\prime+}\omega_{j^{+}}’}(\frac{\theta\overline{u_{i}}^{+}}{\partial x_{j}^{+}}+\frac{\theta\overline{u_{j}}^{+}}{\partial x_{i}^{+}})$ , $P^{T}=\overline{\omega_{i}^{\prime+}\omega_{j}^{\prime+}(\frac{\partial u_{i^{+}}’}{\partial x_{j}^{+}}+\frac{\partial u_{j}^{\prime+}}{\partial x_{i}^{+}})}$,
$DS=-2( \frac{\partial\omega_{i}^{\prime+}}{\partial x_{j}^{+}})(\frac{\partial\omega_{i}^{\prime+}}{\partial x_{j}^{+}})(25)$
$\overline{\omega_{i}^{\prime+}\omega_{i}^{\prime+}}$ 11 Abe (8) DNS
DNS
Reynolds
12 $\epsilon_{ii}(i=u, v, w)$ $\epsilon_{uu}$
$\epsilon_{uu}=2\overline{(\frac{\partial u^{J+}}{\partial x_{j}^{+}})(\frac{\partial u^{J+}}{\partial x_{j}^{+}})}$ (26)
Abe (8)
1 $0^{|}$ $10^{0}$ 1 $0^{}$ $y^{+}10^{2}$ $10^{3}$ $10^{0}$ 1 $0^{I}$ $y^{+}$
$10^{2}$






$z$ 1152 $\tau_{wx}^{\prime+}$ $z$ 11
9(a) $(y^{+}=5.4)$ $z$ $R_{uu}$
$z^{+}=50$
$u^{\prime+}$ $(u^{l+}=3, u^{\prime+}=-3)$ 14







Fig.13 Instantaneous distribution of
streamwise wall shear stress
fluctuation
Fig.14 Visualization of high- and low-speed
streaks and second invariant of velocity
gradient tensor $(u^{\prime+}=3$ ; blue,





$256\cross 512\cross 256$ $y/\delta=0$ 2
2
Table 2 Computational conditions for rotating turbulent channel flow
$x$ $z$
4.1
$Ro_{\tau 0}(=2\Omega\delta/u_{\tau 0})$ 2
$u_{\tau p}$ $u_{\tau s}$ $u_{\tau p}/u_{\tau 0}=1.14$
$u_{\tau s}/u_{\tau 0}=0.713$ $u_{\tau}$
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$u_{\tau}^{2}=(u_{\tau p}^{2}+u_{\tau s}^{2})/2$ (27)
$u_{\tau}/u_{\tau 0}=0.951$ Reynolds ${\rm Re}_{\tau}(=u_{\tau}\delta/\nu)$ 171, Ro$\tau$
$(=2\Omega\delta/u_{\tau})$ 2.1
$\Delta t^{+}(=\triangle tu_{\tau}^{2}/\nu)$ 0.018 $5100\nu/u_{\tau}^{2}$
$965\nu/u_{\tau}^{2}$
52









Fig.15 Mean velocity profile in global
coordinates
–Present cal. $(Ro.=2.1)$
$—$ Non-rotating channel flow $($Ro. $=0)$
Fig.16 Mean velocity profile in wall
coordinates
Reynolds –u’$+$ v’$+$ 17
18 $(Ro_{\tau}=0)$
17 Reynolds















Fig.17 Reynolds shear stress
(a) Streamwisc
–Present cal. $(Ro.=2.1)$
$—$ Non-rotating channel flow $($Ro. $=0)$
Fig.18 Rms of velocity fluctuation
$0$ 100 200 300 $400_{Z^{+}}500$
(b) Spanwise
Fig.19 Two-point correlation of $u’$
$u^{\prime+}$ $(u^{\prime+}=3, u^{\prime+}=-3)$ ,





Reynolds ( 18 ),
21 20




(a) Non-rotating channel flow $($Ro. $=0)$ (b) Suction-side $(Ro. =2.1)$ (c) Pressure-side $(Ro. =2.1)$
Fig.20 Visualization of high- and low-speed streaks and second invariant of velocity gradient
tensor $Q$ ( $u^{\prime+}=3$ ; blue, $u^{\prime+}=-3$ ; yellow, $Q^{+}=0.015$ ; light-gray)
Fig.21 Perspective view of high- and low-speed streaks and second invariant of velocity
gradient tensor ( $u^{\prime+}=3$ ; blue, $u^{\prime+}=-3$ ; yellow, $Q^{+}=0.015$ ; light-gray)
Suction-wall
(a) Non-rotating channel flow $(Ro_{\tau}=0)$ (b) Rotating channel $(Ro.=2.1)$
Fig.22 Iso-surfaces of high-and low-speed streaks and second invariant of velocity gradient





Johnston (11) (12) (13) LES
Kristoffersen-Andersso$n^{(10)}$ DNS Taylor-G\"ortler
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